Abstract We investigated correlated responses in the transcriptomes of longevity-selected lines of Drosophila melanogaster to identify pathways that affect life span in metazoan systems. We evaluated the gene expression profile in young, middle-aged, and old male flies, finding that 530 genes were differentially expressed between selected and control flies when measured at the same chronological age. The longevity-selected flies consistently showed expression profiles more similar to control flies one age class younger than control flies of the same age. This finding is in accordance with a younger gene expression profile in longevity-selected lines. Among the genes downregulated in longevity-selected lines, we found a clear over-representation of genes involved in immune functions, supporting the hypothesis of a lifeshortening effect of an overactive immune system, known as inflammaging. We judged the physiological age as the level of cumulative mortality. Eighty-four genes were differentially expressed between the control and longevity-selected lines at the same physiological age, and the overlap between the same chronological and physiological age gene lists included 40 candidate genes for increased longevity. Among these candidates were genes with roles in starvation resistance, immune response regulation, and several that have not yet been linked to longevity. Investigating these genes would provide new knowledge of the pathways that affect life span in invertebrates and, potentially, mammals.
ing gene expression in three independently replicated longevity-selected Drosophila melanogaster lines and three independent control lines.
The short life span of D. melanogaster (Pearl et al. 1923 ) allows us to select for increased longevity in numerous generations and to obtain a remarkable response. Generally, increased longevity can be selected one of two ways in Drosophila: based on virgin life span (Zwaan et al. 1995) or mated life span (Luckinbill et al. 1984) . We chose to select for mated life span. The flies in the longevity-selected lines could mate throughout life, but only the eggs laid after 50% of the population had died contributed to the next generation. According to evolutionary theories of aging (Medaware 1952; Williams 1957; Hamilton 1966; Kirkwood 1977) , organisms should not start to age until reproduction occurs, so this protocol should select for delayed onset of senescence (Luckinbill et al. 1984) .
We studied the difference in gene expression between lines selected for mated longevity (LS) and non-selected control (C) lines. We investigated the transcriptional selection response in young, middleaged, and old flies, and contrasting expression in C and LS lines at the same chronological age and when the same proportion of a cohort had died (same physiological age), elaborating on the design of Curtis et al. (Fig. 1) (Curtis et al. 2007 ). The genes that had significantly different transcript abundance between the C and LS lines at the same chronological age belonged to one of two categories: candidates for affecting longevity, playing a causal role in the prolonged life span of the LS lines, or biomarkers of physiological age, reflecting the proposed delayed senescence of LS lines. Similarly, the genes that had significantly different transcript abundance at the same physiological age also belonged to one of two categories: candidates for longevity, playing a role in causing the prolonged life span of the LS lines, or biomarkers of chronological age that are not affected by the altered expression of the candidate genes for longevity. The genes that were differentially regulated both at the same chronological and physiological age are the candidate genes for increased longevity. Because these genes should be the primary targets for selection, a cluster analysis was expected to separate gene expression according to selection regime.
We hypothesized that the genes with differential expression between selection regimes at the same chronological age have a younger expression profile in LS lines compared to C lines, i.e., the expression in old LS flies is more similar to the expression in younger control flies than in control flies of the same chronological age. Furthermore, we hypothesized that genes up-regulated in LS lines compared to C lines are genes with expression that decreases with age. In addition, genes down-regulated in LS lines compared to C lines are genes with expression that increases with age.
Results
The effect of selection on longevity
The effect of selection was significant in all tests (Table 1) , and the median life span of longevityselected lines was, on average, 66% longer than the life span of non-selected flies when mated. Selection also significantly increased the 90 th percentile of life span (Table 2) . Analysis of Gompertz parameters found that the age-independent component of mortality differed between selection regimes, whereas the rate of aging was unaffected by selection. No significant differences were observed in the exponential increase in mortality between lines within experiments (Table 2) .
Age-dependent transcriptome changes
We contrasted LS male flies on post-eclosion day 19 (LS19) with flies from day 3 (LS3). Also, we contrasted flies from day 35 (LS35) with LS19 and, finally, flies after 90% cumulative mortality had been reached on days 60-80 (LS60) were compared with LS35. Setting the false discovery rate (FDR) at 0.05 and using a minimum log 2 (fold-change) (lfc) of 1, the moderated F-statistics in the multiclass analysis revealed that 577 unique genes were differentially expressed with age in LS flies (ESM Table S1 ). In C lines, contrasting C19 with C3 and C35 with C19 revealed 267 unique genes that changed with age (ESM Fig. S2a, b ; ESM Table S1 ). A highly significant overlap was found for 179 genes differentially expressed with age in lines from both selection regimes (Table 3 ). Significant overlap was found in both selection regimes for genes that reacted to aging in a previous D. melanogaster study (Landis et al. 2004) , as well as genes that respond to heat shock (Kristensen et al. 2005 ) and selection for increased stress resistance (Sørensen et al. 2007) (Table 3 ). The significant gene ontology terms (GO terms) are listed in ESM Table S3 .
The effect of selection on the transcriptome at the same chronological age Contrasting LS and C lines of the same chronological age (LS3-C3, LS19-C19, and LS35-C35), the moderated F-statistics in the multiclass analysis revealed that 530 unique genes were differentially expressed in LS lines (FDR=0.05; Table 3 and ESM  Table S1 ). Only these genes were included in further analyses of differences at the same chronological age. The results are summarized in ESM Fig. S2c .
We saw a clear signal of delayed aging in the expression pattern of the genes differentially expressed between selection regimes at the same chronological age. At any given time point, the different lines of each selection regime clustered together, except from one LS35 line, which clustered with the three LS19 lines ( Fig. 2a and ESM Fig. S4 ). The main expression difference was between young (C3, LS3, and LS19) and old flies (C19, C35, LS35, and LS60). Gene expression in the different age classes of LS lines was most similar to the gene expression of C lines from the previous age class (Fig. 2a) . All significant probe sets were either up-(343) or down-regulated (248) in all significant contrasts at the same chronological age. All of the overlaps between these contrasts were highly significant (ESM Table S5 ), and most of the overall significantly differentially expressed probe sets were significant in the LS35-C35 contrast (ESM Fig. S2c ). Numbers above the shaded diagonal denote overlapping genes between lists, below the diagonal are P values, and shaded is the number of unique genes in the lists. The data include genes responding to aging in C (AC) and LS lines (ALS); genes significantly different between C and LS lines at the same chronological age (Ch) and same physiological age (P), and the overlap between the two (OL) (present study); genes responding to aging (Landis) (23); genes responding to a life-span-extending over-expression of MnSOD at the same chronological age (MnSOD Ch) and same physiological age (MnSOD P) (Curtis et al. 2007) ; genes correlated with variance in life span (Lifespan) and starvation (Starv) in isofemale lines (27); genes responding to selection for increased longevity (Long), starvation resistance (Starv sel), heat knock-down (KD), and by rearing at constant 30°C (Sørensen et al. 2007) ; and genes responding to a brief heat shock (Heat) (Kristensen et al. 2005 ) NS non-significant
Genes significantly up-regulated in the LS lines compared to C lines on day 35 were generally genes that were down-regulated with age in both C and LS lines (Fig. 3a) , and 88% of them were significantly down-regulated (FDR=0.05, lfc>0, ESM Fig. S2d ).
However, age affected the LS lines less than the C lines, especially between days 19 and 35, which gave rise to a significant interaction between selection and age effects (Table 4 ). In particular, GO terms representing mitosis, meiosis, and biogenesis were Genes differentially expressed at the same chronological age, b at the same physiological age, and c genes that overlap between a and b. The diagrams were drawn using the R package Limma (Smyth 2005) over-represented among these genes (ESM Table S3 ). Genes significantly down-regulated in LS lines on day 35 were those that were generally up-regulated with age in both C and LS lines (Fig. 3b) , and 71% of them were significantly up-regulated (FDR=0.05, lfc= 0, ESM Fig. S2e ). Age seemed to affect LS lines less than C lines between days 19 and 35, and there was a significant interaction between selection and age effects (Table 5) . GO terms representing immune response, among others, were over-represented among these genes (ESM Table S3 ).
The 530 genes significantly overlapped with genes previously found to respond to aging (LS lines in present study and Landis et al. 2004) and genes that respond to heat shock exposure (Sørensen et al. 2005) (Table 3) . However, no significant overlap was seen with genes that respond to longevity-increasing overexpression of manganese superoxide dismutase (MnSOD) at the same chronological age (Curtis et al. 2007) . MnSOD is an important antioxidant in cellular defense against reactive oxygen species (ROS). Also, we found no significant overlap with genes correlated with longevity or starvation resistance in a genomewide study of 40 isofemale lines (Ayroles et al. 2009 ) or a diverse set of selection regimes, including increased longevity (Sørensen et al. 2007 ). The effect of selection on the transcriptome at the same physiological age
Contrasting LS and C flies of the same physiological age (LS3-C3, LS35-C19, and LS60-C35), the moderated F-statistics in the multiclass analysis revealed that 84 unique genes were differentially expressed (Table 3 and ESM S1). Only these genes were included in further analyses of differences at the same physiological age. The cluster analysis revealed that, at any given time point, the different lines of each selection regime clustered together (Fig. 2b) . The main difference in gene expression was between young (days 3 and 19) and old flies (days 35 and ≥60). The results are summarized in ESM Fig. S2f . All but one of the significant genes were up-(38) or down-regulated (56) in all signi ficant contrasts. GO terms representing adult locomotor behavior and light detection, among others, were over-represented among these genes (ESM Table S3 ). The 84 genes significantly overlapped ( Table 3 ) with genes that responded to aging in this study but not in the study by Landis et al. (Landis et al. 2004 ). We also identified significant overlap with genes that respond to selection for increased stress resistance and longevity (Sørensen et al. 2007 ), but we did not identify significant overlap with genes that respond to life-span-increasing over-expression of MnSOD at the same physiological age (Curtis et al. 2007) , to heat shock (Sørensen et al. 2005) , or those that correlate with longevity in a genome-wide study of 40 isofemale lines (Ayroles et al. 2009 ).
Candidate genes for longevity
Comparing the gene lists for contrasting expression in C and LS flies at the same chronological and physiological age revealed an overlap of 46 probe sets representing 40 unique genes (ESM Table S1 ). Fourteen probe sets were up-regulated and 32 down-regulated in LS lines in both the chronological and physiological comparisons. This overlap was statistically significant (ESM Table S5 ). The cluster analysis of gene expression in these genes revealed a clear separation of the LS and C lines (Fig. 2c) . No significant overlap was found with the candidate genes for life span extension due to increased MnSOD expression as previously found (Curtis et al. 2007 ). Over-represented GO terms can be found in ESM Table S3 .
Discussion
The effect of selection on longevity A profound response to selection for increased life span was detected in this study (Tables 1 and 2 ). After 33 generations of selection for mated longevity, the median life span of males was 66% higher compared to control lines, and a difference in longevity was detected in both virgin and mated males with and without antibiotics in the adult food medium. The selection response was not composed of a change in the rate of aging as expressed in mortality doubling time, but it was due to either a decrease in age-independent mortality or a delayed onset of aging that resulted in an increased 90 th percentile of life span. This observation is what we would expect if the onset of senescence was delayed in the LS lines compared to the C lines.
The effect of aging on the transcriptome
The highly significant overlap between the genes that respond to aging in the LS and C lines, which was seen in both this study and the study by Landis et al. (Landis et al. 2004 ) ( Table 3 ), implies that neither selection nor genetic background have a profound impact on the end results of aging as perceived by the transcriptional phenotype. Comparisons with studies of aging in the human (Lu et al. 2004; Rodwell et al. 2004; Zahn et al. 2006 ) and Caenorhabditis elegans (Lund et al. 2002; Golden et al. 2006 ) transcriptomes reveal several common GO categories (ESM Table S3 e.g., muscle activity, metal binding, and immune response), which supports the general finding that, even though aging might follow individual trajectories (Kirkwood et al. 2005) , there generally is a high degree of overlap in the aging phenotype (Grotewiel et al. 2005; Tarnopolsky et al. 2007 ).
The effect of selection on the transcriptome at the same chronological age
The fact that the three replicate selection lines cluster together at all time points but one ( Fig. 2a) after 33 generations of selection demonstrates that we were able to detect a shared transcriptional response to selection for increased mated longevity. The genes that were significantly differentially regulated between C and LS lines in these contrasts were either causing the difference in lifespan between selection regimes or showing the downstream effects of these lifespan increasing genes. Genes in both these categories are interesting in an aging context. The probe sets that differed in transcript abundance showed a delayed aging of transcription in LS lines, which can be seen in the clustering of LS flies with C flies from the preceding age group in Fig. 2a . Supporting this pattern, most of the genes significantly up-regulated in LS lines on day 35 are genes that are normally down-regulated with age in both LS and C lines (ESM Fig. S2d) . Alternatively, 71% of the genes down-regulated in LS lines on day 35 are genes that are normally up-regulated with age in both LS and C lines (ESM Fig. S2e) . Thus, rather than denoting these genes as down-or up-regulated in LS lines compared to C lines, they are genes with expression levels similar to what we detected in younger C flies. The delayed aging can also be seen in Fig. 3a and b, where LS lines have a shallower slope between the second and third time points compared to the C lines. This difference gives rise to a significant interaction between selection regime and age (Tables 4 and 5 ). Interestingly, most of the genes that are differentially expressed with age did not differ in their age-specific expression between the C and LS lines. This finding indicates that the genome-wide transcriptome of LS lines did not show a collective sign of delayed aging in the LS lines. Therefore, only a subset of the genes differentially expressed with age are affected by selection in these lines. Also, altering the expression of this subset of the age-influenced expression pattern seems to be sufficient for extending life span.
Looking through the list of significant GO terms enriched by genes significantly down-regulated in LS35 compared to C35 (ESM Table S3 ), the long-lived lines having, overall, a less up-regulated immune response with age seems counterintuitive because a higher resistance against pathogens might be considered beneficial for longevity. However, the age-related upregulation of genes involved in the immune system might reflect a process that is well documented in both mammals and insects, such as Drosophila, and is known as inflammaging (Zerofsky et al. 2005; Franceschi et al. 2006) . The expression of pro-inflammatory genes increases with age, which is hypothesized to be the result of either accumulated exposure to pathogens throughout life (Franceschi et al. 2006) or reflects agedependent changes in the function of the immune system itself (Zerofsky et al. 2005) . We demonstrated an up-regulation of immune response genes consistent with inflammaging in flies that have lived their adult life on medium containing antibiotics and antifungal substances; thus, this study indicates that inflammaging is not due to accumulated exposure to pathogens. Lifespan-extending dietary restriction in D. melanogaster can also delay the aging-related increase in immunityrelated gene transcription (Pletcher et al. 2005) . This result stresses the importance of inflammaging in aging research.
The most prominently up-regulated GO terms were associated with cell division, both meiosis and mitosis (ESM Table S3 ). A comparably higher fecundity in old age in long-lived females was shown previously (Service 1989) , which conceivably could also manifest in increased meiotic activity in males. However, the cells in adult Drosophila are mostly amitotic, and it would be interesting to investigate the tissue-specific expression pattern of the up-regulated mitotic genes. The midgut of Drosophila is maintained by the proliferation of stem cells, and the increased expression of mitotic genes might predominately be located there.
The effect of selection on the transcriptome at the same physiological age Not nearly as many probe sets were significantly differentially transcribed between the selection regimes at the same physiological age compared to the former analysis (84 vs. 530) . This finding was expected as the genes that can function as biomarkers of physiological age in our lines should not be significantly different when contrasting transcription in lines with the same cumulative mortality. The generality of the selection response was supported by the three genetically independent selection lines clustering together at any given time point (Fig. 2b) . However, even though we did not find a significant overlap with the genes that respond to selection for increased heat resistance (Sørensen et al. 2007) , the same functional group (phototransduction and vision) tops the list of significant GO terms in both studies (Sørensen et al. 2007 ). This functional group was also differentially expressed with age in this study, as well as in two studies comparing the transcriptional profiles of heads from young and old flies (Kim et al. 2005; Girardot et al. 2006 ).
Candidate genes for longevity A cluster analysis of the expression of the 40 candidate genes for longevity revealed a clear separation of the selection regimes (Fig. 2c) , which is what we expected to see if we had indentified the genes causing the difference in life span. The separation of selection regimes was not a passive result stemming from the contrast design (LS-C) naturally selecting genes that differ in expression between the selection regimes. This fact is evident in the cluster analysis of genes from both the same chronological and physiological age, in which the largest difference was between young and aged flies (Fig. 2a, b) . Although the significant GO terms were too general (e.g., nucleotide binding and regulation of signal transduction ESM Table S3 ) to give much of an indication of the mechanisms behind the delayed aging in LS lines, many of the candidate genes are associated with relevant processes, such as photolyase, the putative function of which is to repair damaged DNA (NCBI Entrez Gene: http:// www.ncbi.nlm.nih.gov/gene). In addition, two of the candidate genes, CG9812 (Harbison et al. 2005) and glycerol-3-phosphate dehydrogenase (Oudman et al. 1994) , were previously associated with starvation resistance. Selection for increased starvation resistance sometimes leads to increased longevity (Baldal et al. 2006) . Despite this connection between starvation resistance and longevity, we found no significant overlap between the candidate genes we identified and genes associated with selection for increased starvation resistance (Sørensen et al. 2007 ). However, there was a significant overlap with probe sets associated with variation in starvation resistance among isofemale lines (Table 3) , but this overlap consisted of only two genes (Table 3 ). The functions of the 40 candidate genes are currently being studied in our laboratory.
Comparisons with other studies
The studies that are of most relevance to our results are those by Ayroles et al. (Ayroles et al. 2009 ), who linked the expression of several genes to life span variation in isofemale lines, and Curtis et al. (Curtis et al. 2007) , who investigated gene expression in flies with genetically up-regulated MnSOD expression. We did not find any significant overlap with the genes that correlated with life span in the first study. One possible reason for this discrepancy is that the standing genetic variation in natural populations might not reflect the realized potential for evolution after several generations of intense selection. Another reason could be that the genetic background of our studies might influence the genes that show variation in the population sampled by Ayroles et al. or that responded to selection (present study).
We did not find a significant overlap between genes that were differently transcribed in C and LS lines at the same chronological or physiological age and the genes that responded to the over-expression of MnSOD at the same chronological or physiological age (Table 3) . Also, from the functional groups of genes significantly over-represented at the same physiological age in the present study, only very general GO terms overlapped between the two studies: nucleotide binding and signal transduction. The delayed aging in our LS lines seems to have occurred through different mechanisms than MnSOD.
Selection for increased mated life span resulted in replicate lines that retained a young gene expression profile longer than control lines. We identified 40 genes that might be responsible for the increased longevity of the selected lines. Future experiments will reveal if these genes represent pathways that can increase life span independent of sex, genetic background, and the species investigated.
Experimental procedures

Origin of flies and selection regime
The replicate selection and control lines originated from a mass population of flies from mixed geographic origin. The origin of the flies and the set-up of the mass population are described in more detail elsewhere (Bubliy and Loeschcke 2005) . The mass population was maintained as one interbreeding population for four generations before three replicate selection and control lines were established. Each replicate line was maintained in five culture bottles with a minimum population of 60 pairs each, with a total population of 300 pairs. The five bottles within a replicate line were mixed each generation to reduce the effect of drift. The longevity selection took place every other generation; after emergence, the flies were placed in food vials and transferred to new vials every second day until approximately 50% of the flies were dead. For the first generation of selection the process took 4 weeks; after 33 generations, 50% mortality was reached after approximately 6.5 weeks. The surviving flies were allowed to start the next generation. The LS lines were first selected for 16 generations at 25°C, interspaced with 16 unselected generations at 25°C. The flies were kept unselected for 10 generations at 20°C, thereafter selection was resumed at 25°C for 17 generations interspaced with 18 unselected generations, also at 25°C. Three replicate lines of the control regime were kept on standard agarsugar-yeast-oatmeal medium under standard laboratory conditions and allowed to reproduce within a week of eclosure at 25°C for 73 generations. The flies were then kept at 20°C for 10 generations. When the selection of LS lines resumed, the C lines were also moved back to 25°C and completed 70 generations before the experiments. The flies used for experimentation were offspring from an unselected generation to avoid any cross-generational effects of the selection procedure (Watson and Hoffmann 1996; Hoffmann et al. 1997; Hercus and Hoffmann 2000) . All flies experienced a light/dark cycle of 12/12 h.
Longevity
Longevity was recorded in five independent experiments. In three of the experiments, mated longevity with antibiotics in the medium was investigated. Virgin longevity with antibiotics in the medium and mated longevity without antibiotics in the medium was studied in one experiment each. The flies were set-up in 200 ml bottles under uncrowded conditions (allowing 10 pairs to lay eggs for 24 h). At the start of emergence, the bottles were emptied and flies collected at less than 12 h old under light CO 2 anesthesia. For investigating mated longevity, we collected six vials per replicate line, 15 males and 15 females per vial. To investigate virgin life span, we collected three vials per replicate line, 30 males per vial. Every second day, the flies were transferred to new food vials with 4 ml of standard Drosophila oatmeal-sugar-yeast-agar medium, which contained antibiotics in four of the experiments (alternating between ampicillin 0.1 g/l and doxycycline 0.25 g/l). The number and sex of dead flies were scored at transfer. The number of vials was gradually reduced as deaths occurred, with surviving flies being kept as close to a density of 30 as possible.
Sampling for gene expression analysis
Flies were set-up, collected, and transferred following the same protocol as the longevity assay. Samples were frozen in liquid nitrogen at the same time of day (3 p.m.) on days 3, 19, and 35 after collection to prevent genes with a circadian rhythm from disturbing the results (Fig. 1) . Average cumulative mortality in the LS lines at the three time points was 0%, 8%, and 20%, and 0%, 20%, and 90% in the three C lines. Flies from the longevity-selected lines were also sampled after 90% of the original cohort had died (days 60-80 depending on the line, Fig. 1 ). The sexes were separated over ice and 15 males from each combination of line and age were stored at -80°C.
Life span analysis
The longevity data was analyzed using the proportional hazard analysis function of JMP 7.0. Gompertz parameters were fitted in the program Winmodest (Promislow et al. 1999) , which compensated for sub-threshold mortality using maximum likelihood methods. We defined maximum life span as the 90th percentile of life span using quantile regression . We tested for selection effects on maximum life span using Fisher's exact test, which at worst is overly conservative ).
RNA extraction and array hybridization RNA extraction and hybridization was performed as previously described (Sørensen et al. 2005) . We used Affymetrix arrays containing 18,953 probes representing more than 14,000 unique genes. The array data was analyzed using R (version 2.9.0; http://www.r-project.org/) based applications. The normalization of the expression values for the samples was performed separately using the Robust Multi-array Average (RMA) algorithm (Irizarry et al. 2003) as implemented in the Affy package (version 1.22.1). Differential expression of each gene was assessed using linear modeling and empirical Bayes methods, which were implemented using the R package Limma (version 2.18.2) (Smyth 2005) . We then tested for identical gene expression profiles between treatment groups. The experiment included two main factors, line (C, control; and LS, longevity) and day (3, 19, 35, >60) . In order to identify genes underlying increased longevity, we compared the lines at the same chronological age (LS3-C3, LS19-C19, and LS35-C35) and at the same physiological age (LS3-C3, LS35-C19, and LS60-C35). Genes responding to aging were identified separately in the control (C19-C3 and C35-C19) and longevity (LS19-LS3, LS35-LS19, and LS60-LS35) lines. A nested F-test (Smyth 2005) was used to identify genes that were generally different in more than one contrast. We set the significance levels at P= 0.05 and, for assessing the effects of aging, minimum lfc was 1. Multiple testing was adjusted for by controlling the FDR. Genes with significantly different expression profiles that had been assigned to GO categories were used to test for GO enrichment, for both the general line effect and the line-specific aging effect. These tests were run as functional annotation clustering using the DAVID bioinformatics database (Dennis et al. 2003) . Dendrograms of the expression patterns and samples were computed by hierarchical clustering using the Euclidean distance measure and complete linkage as an agglomerative method as implemented in R. Dendrograms were combined with a heat map displaying color-coded expression signal intensities for each gene/sample. Genes found to be differentially expressed in our study were compared to several other expression studies. The probability that the overlap of differentially expressed genes is different from the number expected by chance was calculated using Monte Carlo simulations. In each simulation, the gene list within each treatment was permutated and the overlap of induced genes determined.
An analysis of variance was used to assess the overall treatment effects on the expression of genes significantly up-or down-regulated in LS lines on day 35. The treatments in the model included the effects of age, gene, and selection, taking into account the three-way interaction terms. The treatment effects were tested using an F-test.
